The opportunistic apicomplexan parasite Toxoplasma gondii damages fetuses in utero and threatens immunocompromised individuals. The toxicity associated with standard antitoxoplasmal therapies, which target the folate pathway, underscores the importance of examining alternative pharmacological strategies. Parasitic protozoa cannot synthesize purines de novo; consequently, targeting purine salvage enzymes is a plausible pharmacological strategy. Several enzymes critical to purine metabolism have been studied in T. gondii, but IMP dehydrogenase (IMPDH), which catalyzes the conversion of IMP to XMP, has yet to be characterized. Thus, we have cloned the gene encoding this enzyme in T. gondii. Northern blot analysis shows that two IMPDH transcripts are present in T. gondii tachyzoites. The larger transcript contains an open reading frame of 1,656 nucleotides whose deduced protein sequence consists of 551 amino acids (TgIMPDH). The shorter transcript is an alternative splice product that generates a 371-amino-acid protein lacking the active-site flap (TgIMPDH-S). When TgIMPDH is expressed as a recombinant protein fused to a FLAG tag, the fusion protein localizes to the parasite cytoplasm. Immunoprecipitation with anti-FLAG was employed to purify recombinant TgIMPDH, which converts IMP to XMP as expected. Mycophenolic acid is an uncompetitive inhibitor relative to NAD ؉ , with a intercept inhibition constant (K ii ) of 0.03 ؎ 0.004 M. Tiazofurin and its seleno analog were not inhibitory to the purified enzyme, but adenine dinucleotide analogs such as TAD and the nonhydrolyzable ␤-methylene derivatives of TAD or SAD were inhibitory, with K ii values 13-to 60-fold higher than that of mycophenolic acid.
IMP dehydrogenase (IMPDH) converts IMP to XMP in the presence of NAD, a critical rate-limiting step in the biosynthesis of guanine nucleotides. Increased IMPDH activity is associated with actively dividing cells; consequently, IMPDH has been exploited as a target for anticancer, antiviral, immunosuppressive, and antimicrobial drug therapies (9, 15) . Significant differences in IMDPH enzyme kinetics and inhibitor sensitivities between human and microbial homologues suggest that IMPDH may be an exploitable target for antimicrobials (25, 36, 40, 42) . Purine metabolic enzymes hold particular promise as targets to combat intracellular parasites while minimizing side effects to host cells. Parasites are inherently more reliant on these enzymes to maintain growth and are incapable of synthesizing purine precursors de novo (34) .
Toxoplasma gondii is an obligate intracellular protozoan responsible for fetal damage when the infection is acquired in utero (24) , heart transplant complications (37) , and opportunistic infections in immunocompromised individuals (39) . T. gondii, as a member of the phylum Apicomplexa, is related to other parasites such as Plasmodium spp. (malaria) and Cryptosporidium spp. (26) . A wide variety of molecular genetic tools have been developed for T. gondii (27, 28) . In particular, the generation of reagents for reverse genetics has facilitated the study of the purine salvage network in this organism. Insertional mutagenesis has led to the cloning of T. gondii hypoxanthine-xanthine-guanine-phosphoribosyltransferase (HXGPRT), adenosine kinase (AK), and an adenosine transporter (TgAT) (3, 6, 32) . Both biochemical studies (23, 29) and the generation of viable parasites lacking AK or HXGPRT demonstrate functional redundancy in pathways leading to GMP (2, 6, 32) . Thus, drugs designed to inhibit only one route (via either AK and IMPDH or HXGPRT) would be ineffective. Thus, therapeutic exploitation of HXGPRT inhibitors depends upon simultaneous inhibition of GMP synthesis via the AK pathway. IMPDH is the logical target in the AK pathway both because of its regulatory significance and because of the wealth of inhibitors available. While IMPDHs have been cloned in other apicomplexans such as Plasmodium and Cryptosporidium spp. (14, 31) , T. gondii IMPDH has not been available for study.
Here we describe the IMPDH gene in T. gondii, which gives rise to two transcripts, TgIMPDH and TgIMPDH-S. The latter is generated by an alternative splicing event that removes the active-site flap. Recombinant TgIMPDH was expressed and purified from T. gondii parasites for kinetic analysis. This fulllength enzyme is inhibited by mycophenolic acid and adenine dinucleotide analogs, with intercept inhibition constant (K ii ) values in the micromolar to submicromolar range. The identification of this important purine interconversion enzyme constitutes a significant contribution to understanding purine salvage in T. gondii.
(Sigma). The parasite lysate was clarified by centrifugation at 8,200 ϫ g at 4°C for 10 min prior to mixing with 50 l equilibrated anti-FLAG M2-agarose affinity gel. The affinity gel and lysate were mixed overnight at 4°C and spun at 8,200 ϫ g. The supernatant (unbound fraction) was removed and stored for later analysis. The pelleted resin was washed three times in the lysis buffer above without the Triton X. 3ϫ FLAG peptide was used to elute the material bound to the anti-FLAG resin for further analysis.
Immunofluorescence assays. Parasite clones expressing recombinant TgIMPDH FLAG were inoculated onto HFF monolayers grown on glass coverslips in 12-well tissue culture plates. Infected cell monolayers were fixed in methanol for 10 min at Ϫ20°C. After blocking in phosphate-buffered saline (PBS) containing 1% fish gelatin, 3% bovine serum albumin, and 5% goat serum for 1 h, mouse polyclonal anti-FLAG (Sigma) was applied at 1:250 (in PBS with 3% bovine serum albumin) for 1 h, followed by goat anti-rabbit Alexa 488 at 1:1,000 after PBS washes. 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) nuclear stain was added for 5 min prior to visualization with a Leica DMLB microscope. Images were captured using a Spot RTSE model 12.0 monochrome camera and Spot Diagnostic Software version 3.5.9.
Enzymatic assays. IMPDH activity was measured using a fixed-time assay followed by thin-layer chromatography to separate radiolabeled substrate and products (12) . The 50-l reaction mixture contained 100 mM Tris-HCl buffer (pH 8.0), 100 mM KCl, 1 mM dithiothreitol, 3 mM EDTA, 2.3 mM NAD, 80 M IMP, and 10 to 180 ng of purified protein. At the end of the 60-min incubation at 37°C, the reaction was quenched by adding 25 l of carrier solution containing IMP, XMP, GMP, and hypoxanthine, each at a concentration of 4 mM. Tenmicroliter samples of the reactions were spotted onto polyethyleneimine-cellulose plates that were prewashed with 100% methanol. The plates were developed in 0.5 M LiCl for 2 h. R f values for the standards were as follows: XMP, 0.11; GMP, 0.32; IMP, 0.5; hypoxanthine, 0.86. Activity is expressed as concentration of product formed per minute, calculated from specific activity of the radiolabeled substrate. The assay is linear with protein concentration over the range used for all assays and has low variability; standard errors of the means typically averaged 3.2% of the means within assays and 4.7% from day to day. aac.asm.org
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Curve fitting for kinetic experiments was done with Prism 3.0, using the standard equations for linear regressions and for the hyperbolic single-site curve. Ultimately, all experiments with various NAD ϩ concentrations were evaluated with the equation entered for substrate inhibition, because NAD ϩ at high concentrations inhibited the enzyme reaction:
where V max is the maximal velocity of the reaction, K m is the Michaelis constant, and K i is the inhibition constant for NAD ϩ . Mycophenolic acid inhibition followed uncompetitive inhibition, according to the following
, where K app is the apparent Michaelis constant for NAD ϩ and K ii is the intercept inhibition constant.
The equation for uncompetitive inhibition was accepted when the results of four experiments showed that there was no statistical difference in the ratio of K m / V max in the uninhibited and the inhibited state. The equation for mixed noncompetitive inhibition was used to characterize inhibition by tiazofurin and its analogs. The equation
where K is is the slope inhibition constant and K ii is the intercept inhibition constant. Nucleotide sequence accession number. Nucleotide sequence data reported in this paper are available in the GenBank, EMBL, and DDBJ databases under the accession numbers AY661469 (TgIMPDH) and AY663109 (TgIMPDH-S).
RESULTS AND DISCUSSION
Identification of an IMPDH homologue in T. gondii. The T. gondii database was mined for sequences encoding IMPDH using the BLAST algorithm and text queries. Two contigs (Tgg_18808 and -18809) showing a high degree of similarity to nonoverlapping regions of human IMPDH were identified. Based on the sequence data, primers were designed to obtain the full-length cDNA employing 5Ј-and 3Ј-RACE. Using the primers listed in Materials and Methods, an 822-bp band representing the 5Ј end of the gene and a 1,532-bp band representing the 3Ј end were amplified and subcloned for sequencing. Considered with the genomic data, the predicted open reading frame is 1,656 bp, possessing 5Ј and 3Ј untranslated regions of 292 and 518 bp, respectively. The putative start codon fits Kozak consensus rules (22) . There is no in-frame stop codon upstream of this proposed start site, but no other Fig. 1A , along with a Southern analysis consistent with a single-copy locus (Fig. 1B) .
TgIMPDH cDNA hybridizes to two transcripts. Northern blot analysis used the full-length cDNA for TgIMPDH as a probe. Figure 1C shows hybridization to a ϳ2.5-kb band, consistent with our cloning results. However, an additional band at ϳ2.0 kb also hybridizes to the probe, suggesting another isoform of IMPDH is present in T. gondii. Since the ToxoDB and Southern analyses are consistent with the TgIMPDH locus being present as a single copy, we postulated that an alternatively spliced transcript may be present. Primers designed to amplify the IMPDH coding sequence from T. gondii total RNA produce the expected 1.6-kb band as well as a fainter 1.2-kb band. Each band was gel purified and sequenced. The 1.6-kb product agrees with our original open reading frame sequence prediction; the 1.2-kb product (referred to as TgIMPDH-S, for short form) lacks an internal 506-nucleotide region. The length of TgIMPDH-S including the untranslated regions is 2.0 kb, in agreement with the Northern analysis. TgIMPDH-S encodes a predicted 371-amino-acid form of IMPDH that lacks the active-site flap. The question of whether this shortened version of TgIMPDH possesses catalytic activity or perhaps serves some other regulatory function in the organism is intriguing. However, for these characterization studies we chose to use the longer form, which has more complete homology to other catalytically active IMPDH enzymes.
Comparison of TgIMPDH to other species. The deduced amino acid sequence of TgIMPDH is aligned, with salient domains identified, for comparison to IMPDH sequences from other species (Fig. 2) . BLASTp analysis reveals that TgIMPDH is most similar to mammalian IMPDH (e.g., 53% identity to the human type II enzyme), followed by Xenopus laevis and the apicomplexan Plasmodium yoelii (50% identity). The IMPDH orthologue cloned from fellow apicomplexan Cryptosporidium parvum is only 35% identical, consistent with the observation that CpIMPDH was acquired through lateral gene transfer from bacteria (31) .
The deduced secondary structure of TgIMPDH is similar to those of other known enzymes (11) . The N-terminal and Cterminal regions are short elements at either end of the main structural feature of the molecule, the large barrel core. The barrel core is interrupted by three elements: a flanking region, an active-site loop, and an active-site flap. The flanking region has been noted in other species to interrupt the barrel core of the protein but does not interact with either substrate or cofactor in any crystal structures currently available. The flanking region in all IMPDH proteins studied contains two CBS (cystathionine beta-synthase) motifs; for TgIMPDH these motifs involve amino acid residues 105 to 156 and residues 168 to 216, making their position and length nearly identical to those of the CBS motifs in human type II IMPDH. The active-site loop 
FIG. 4. Expression and purification of recombinant TgIMPDH.
Transgenic parasite clones stably expressing recombinant TgIMPDH FLAG were selected in mycophenolic acid and xanthine following the electroporation of plasmid into RH⌬HX parasites. TgIMPDH was purified by FLAG-based affinity chromatography and eluted from the resin with 3ϫ FLAG peptide. Lysate (L), the unbound fraction (U), and the eluate (E) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins were visualized by SimplyBlue stain. Molecular mass markers are shown in kilodaltons.
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at Penn State Univ on February 12, 2008 aac.asm.org of the T. gondii enzyme is highly conserved with other species but not identical, as discussed below. The most striking difference in structure is in the active-site flap, a flexible element that closes over the active site when cofactor and substrate are bound. TgIMPDH contains a unique 50-amino-acid insertion (residues 410 to 460, T. gondii numbering) that is rich in serine and proline (Fig. 2) . This unique insertion is in the disordered portion of the flap region. The physiological relevance of this insertion in the T. gondii enzyme remains to be determined. Data from published crystal structures of human type II, hamster, Tritrichomonas foetus, and Streptococcus pyogenes IMPDHs allow a more detailed comparison of the potential critical differences between the sequence of TgIMPDH and other forms. As expected, key catalytic residues such as Cys331 (human enzyme numbering), which carries out the nucleophilic attack on the C-2 position of the inosine ring, are conserved in both T. gondii and Plasmodium falciparum IMPDH. Other residues in the active-site loop (amino acids 325 to 340 for the human enzyme) such as Gly326, Thr333, and Ser329, which interact with substrate or cofactor in existing crystal structures (10, 30, 41) , are also conserved in the apicomplexan enzymes.
Two residues within the active-site loop differ between the human and the T. gondii enzyme. The conserved isoleucine present at position 332 of the human enzymes is replaced by a threonine residue in both the T. gondii and P. falciparum enzymes. Likewise, a conserved glutamic acid at position 335 in the human enzyme is replaced by a valine in the T. gondii enzyme and an aspartic acid in the P. falciparum enzyme. The impact of these substitutions needs to be explored.
The IMP binding site involves residues outside the activesite loop, as shown by crystal structures for several enzymes (11) , and these residues are generally conserved in TgIMPDH. In the enzymes studied by crystal structure, Gly366, Gly387, Ser388, and Tyr411 stabilize the phosphate group of IMP into the active site. These residues are conserved in TgIMPDH. The ribose of IMP interacts with Ser68 and Asp364 of the human enzyme. These residues are conserved in the apicomplexan enzymes. Likewise, residues Met414, Gly415, and Gln441, which interact with the inosine ring in the human enzyme, are conserved in the apicomplexan enzymes.
The NAD binding cleft has been probed with crystal structures for hamster, human, and T. foetus IMPDH (11) . Polar interactions of the carboxamide group of nicotinamide exist with Asn303, Arg322, and Asp274, residues that are conserved in the apicomplexan enzymes. Mycophenolic acid interacts with these same residues. Mycophenolic acid has additional interactions in the human enzyme with Gly326, Thr333, and Gln441, which are conserved in the apicomplexan forms. The ribose phosphate portion of NAD interacts with Asp274, Ser275, and Ser276; these three amino acids are conserved in all species so far studied.
Residues from the adjacent monomers in the active tetramer interact with the ribose of NAD. Gln469, which is conserved between human and apicomplexan IMPDH, is one of these residues. Another is Ala46 in the human enzyme. Considerable variability exists at this site; the T. gondii and Pneumocystis carinii enzymes contain a valine, but the P. falciparum enzyme contains a leucine.
The highest degree of species variability in the NAD binding site occurs in the portion that interacts with the adenine ring. In the human enzyme Phe282 forms part of this interaction, but this residue is replaced by tyrosine in several species, including the apicomplexan enzymes. Another interaction in the human enzyme is with His253, which is replaced by a lysine in the T. gondii enzyme and by an arginine in the P. falciparum enzyme. Thr45 on an adjacent monomer contributes to binding the adenine ring in the human enzyme, but this residue is a glycine in TgIMPDH and an alanine in the P. falciparum enzyme.
Another important contributor to the enzymatic reaction is a bound water molecule and a bound potassium ion (1, 11) . Binding involves the conserved Cys331, Gly328, and Gly326 residues in the active-site loop, as well as three residues near the C terminus: Glu500, Gly501, and Gly502. Both Glu500 and Gly501 are conserved between human and apicomplexan enzymes, but Gly502 is replaced by an aspartic acid in the T. gondii enzyme and a lysine in the P. falciparum enzyme. Since the water molecule and the potassium ion are known to play key catalytic roles in other IMPDH forms, the effects of these substitutions on activity should be explored.
Localization and enzymatic analysis of recombinant TgIMPDH. Numerous attempts to express functional recombinant TgIMPDH in a variety of bacterial systems failed, most likely due to lack of solubility of the recombinant protein. Therefore, we attempted expression in T. gondii itself and used a C-terminal FLAG epitope tag to purify TgIMPDH for analysis (7) . The FLAG tag also allowed us to determine the subcellular localization of the recombinant enzyme. As expected, transgenic parasites transfected with ptubTgIMPDH FLAG ::HX (see Materials and Methods) exhibited a staining pattern suggesting that TgIMPDH is diffuse throughout the parasite cytoplasm (Fig. 3) . Untransfected RH⌬HX parasites do not exhibit fluorescence when analyzed in the same manner with anti-FLAG (data not shown). An anti-FLAG affinity resin was used to purify recombinant enzyme from a stably transfected parasite clone. Purified enzyme from the transgenic clone (RH⌬HX::TgIMPDH FLAG ) was examined by staining sodium dodecyl sulfate-polyacrylamide gels with a Coomassie bluebased reagent. Parasites transfected with ptubTgIMPDH FLAG :: HX displayed a single band at the expected size (ϳ60 kDa) following elution from the affinity matrix (Fig. 4) .
To test enzymatic activity of TgIMPDH, the conversion of radiolabeled IMP to XMP was measured directly by thin-layer chromatography. Lysates from parental RH⌬HX T. gondii served as negative controls to ensure that no endogenous IMPDH activity could be detected following FLAG purification. Protein-dependent conversion of IMP to XMP could be achieved using TgIMPDH FLAG protein purified from the RH⌬HX::TgIMPDH FLAG clone; assays using the eluted protein from untransfected RH⌬HX parasites showed Ͻ0.2% of rates seen with recombinant protein. We therefore set out to characterize the catalytically active recombinant protein in terms of NAD ϩ kinetics and sensitivity to an array of inhibitors.
TgIMPDH FLAG is sensitive to mycophenolic acid, a known inhibitor of other forms of IMPDH. Increasing amounts of mycophenolic acid in the assay produced classic sigmoidal inhibition curves (data not shown). Experiments assessing the effect of fixed concentrations of mycophenolic acid on NAD ϩ dependence curves showed that inhibition by mycophenolic acid is uncompetitive (Fig. 5) ; as expected for uncompetitive inhibition, the ratio of the uninhibited to inhibited K m value was equal to the ratio of the uninhibited to the inhibited V max value, 3.385 and 3.393, respectively. These experiments allowed the calculation of a K i value of 0.030 Ϯ 0.004 M (Table 1). TgIMPDH FLAG is therefore similar in sensitivity to IMPDH from another apicomplexan, Eimeria tenella, which has a K i of 0.18 M (17). Cryptosporidium IMPDH was acquired through lateral transfer from eubacteria, and predictably the sensitivity to mycophenolic acid differs from that of TgIMPDH FLAG (35) . Both human forms of IMPDH and fulllength IMPDH from Pneumocystis have K i values in the submicromolar range, similar to TgIMPDH FLAG . Bacterial forms of IMPDH are significantly less sensitive to mycophenolic acid than is TgIMPDH FLAG .
Compounds known to inhibit mammalian forms of IMPDH were tested for their ability to inhibit TgIMPDH FLAG (Fig. 6) . Like other IMPDH enzymes, TgIMPDH FLAG is poorly inhibited by tiazofurin or Se-tiazofurin (Table 1 ). The stronger inhibition by TAD and the nonhydrolyzable beta-methylene derivatives of TAD (CH 2 -TAD) and SAD (CH 2 -SAD) followed a mixed noncompetitive pattern with slightly more effect on V max than K m . The K i values calculated from the equation for mixed noncompetitive inhibition (Table 1) show that TgIMPDH FLAG is most potently inhibited by CH 2 -SAD, followed by CH 2 -TAD and TAD. SAD was previously found to be a more potent inhibitor of both type I and type II human IMPDH than was TAD (8). 
